Antibodies have been developed as therapeutic agents for the treatment of cancer, infection, and inflammation. In addition to binding activity toward the target, antibodies also exhibit effector-mediated activities through the interaction of the Fc glycan and the Fc receptors on immune cells. To identify the optimal glycan structures for individual antibodies with desired activity, we have developed an effective method to modify the Fc-glycan structures to a homogeneous glycoform. In this study, it was found that the biantennary N-glycan structure with two terminal alpha-2,6-linked sialic acids is a common and optimized structure for the enhancement of antibody-dependent cell-mediated cytotoxicity, complement-dependent cytotoxicity, and antiinflammatory activities.
A ntibody-based therapies have been effectively used to treat many diseases, including inflammatory disorders, cancers, infectious diseases, and organ transplant rejection. Currently, more than 40 therapeutic monoclonal antibodies (mAbs) have been approved for clinical use in the United States, European Union, and other countries, including antibodies targeting CD20, Her2, EGFR, CD40, TNFα, CTLA-4, and PD-1.
Most therapeutic antibodies are monoclonal and prepared by hybridoma technology (1) as humanized antibodies to avoid undesired immunological responses derived from species difference. Recently, development of human antibodies through the screening of phage display libraries from human B cells or from single B-cell clones has become a major trend (2) (3) (4) .
Like many other mammalian proteins, antibodies are heterogeneously glycosylated, and the glycosylation in the Fc region, specifically at position 297, has been an important issue in the development of therapeutic monoclonal antibodies, because the glycan moiety can significantly affect the activities of antibodies through interaction with the Fc receptors on immune cells, including natural killer cells, macrophages, dendritic cells, neutrophils, etc. Therefore, there is a need for development of homogeneous monoclonal antibodies with well-defined Fc glycans to examine these interactions and improve their safety and efficacy. Toward this goal, it has been reported that removal of the core fucose residue enhances the antibody-dependent cellular cytotoxicity (ADCC) activity of immunoglobulin Gs (IgGs) (5, 6) due to the increased Fc-glycan interaction with FcγRIIIa receptor (5, 7, 8) . Two FDA-approved glycoengineered antibodies, mogamulizumab (POTELLIGENT) and obinutuzuman (GA101), are defucosylated antibodies in which POTELLIGENT was produced by the fucosyltransferase 8 (FUT8) knockout CHO cell line and GA101 was from the N-acetylglucosamine transferase III (GnT-III) overexpression system. In addition, it has been reported that more FcγIIIa was expressed on the monocytes of long-term rheumatoid arthritis (RA), and that more fucosylation was also found in the IgG heavy chain of RA patients (9, 10) , indicating the possibility of RA treatment with afucosylated antibodies to neutralize proinflammatory cytokines and compete with autoantibodies for FcγIIIa.
It was also observed that the 2,6-linked sialic acid of the biantennary glycan increases the antiinflammatory activity (11) , although its effect on ADCC was not clear (11) (12) (13) , and that the remission of RA was often accompanied by an increase of IgG sialylation during pregnancy, and its relapse coincided with the decrease of IgG sialylation after delivery (14) . Inflammation and cytotoxicity are two sides of the immune response, and the occurrence of cancer or infection is normally accompanied by inflammation. However, all of the antibodies described above were still heterogeneous even when a specific glycan structure was enriched through pathway engineering and cell culture preparation. To understand the effect of Fc glycans on ADCC, complement-dependent cytotoxicity (CDC), and antiinflammatory activities, homogeneous antibodies with well-defined glycan structures are needed.
Many methods have been developed for the preparation of homogeneous glycoproteins with well-defined glycans, including native chemical ligation (NCL) (15, 16) , expressed protein ligation (EPL) (17) , Staudinger ligation (18) (19) (20) , sugar-assisted ligation (21) , and glycoprotein remodeling in vitro using endoglycosidases and glycosyltransfer enzymes (22) . Similarly, glycosylation pathway engineering has been developed to improve the biological function and reduce the heterogenecity of therapeutic antibodies (23, 24) . Of these methods, the most practical way to acquire homogeneous glycoproteins is based on the strategy of glycoprotein remodeling, a strategy first reported in 1997
Significance
Antibodies are important therapeutic agents and have been used for the treatment of many diseases, including infectious and inflammatory diseases, and cancer. The therapeutic efficacy of an antibody is usually determined not only by the selectivity and affinity toward the target but also by the Fc-glycan structure interacting with the Fc receptors on immune cells. This study describes the preparation of various antibodies with different Fcglycan structures as homogeneous glycoforms for the investigation of their effector activities. During this study, it was discovered that the biantennary N-glycan structure with two terminal alpha-2,6-linked sialic acids is a common and optimal structure that is able to enhance the activities of antibodies against cancer, influenza, and inflammatory diseases. (22) and later applied to antibody glycoengineering (25-27). The strategy starts with the use of exoglycosidases or endoglycosidases to cleave most of the N-glycans to form a homogeneous glycoform containing a well-defined glycan, followed by extension of the glycan using glycosyltransfer enzymes. Compared with the other endoglycosidases of the Glycoside Hydrolase Family 18 (GH18), like endo H, endo F1, F2, and F3, endoS showed the best specific hydrolytic activity for the asparagine-linked biantennary glycan of human IgG to give mono-GlcNAc antibody. In addition, some endoglycosidases of GH18 can also be used as glycosynthases with glycan oxazolines as substrates to form the chitobiose linkage, a strategy first demonstrated by Shoda and coworkers using chitinases (28, 29) and further elaborated by Wang with endoglycosidase mutants developed using Wither's approach, including endoS D233Q and endoM N175Q (26, 30, 31) .
In this study, we used the endoS from Streptococcus pyogenes (32) and the fucosidase from Bacteroides fragilis (BtFucH) in combination to treat a mixture of antibody glycoforms to obtain a homogeneous antibody containing the mono-GlcNAc residue at position 297, which was then further extended with various glycans containing a leaving group catalyzed by an endoglycosidase mutant to give homogeneous antibodies with a well-defined glycan at the Fc region for functional study. The endoS was to hydrolyze the chitobiose core of the asparagine-linked glycan, and the fucosidase was to cleave the fucose attached to the remaining innermost GlcNAc to form an antibody with mono-GlcNAc. During this process, it was found that the biantennary N-glycan structure with two terminal alpha-2,6-linked sialic acids at position 297 of the Fc region is a common and optimized structure for the enhancement of ADCC, CDC, and antiinflammatory activities.
Results and Discussion
Glycoengineering of IgG1 Antibody. The goal of this study was to prepare homogenous antibodies with optimized anticancer and antiinflammatory functions. The commercially available Rituximab IgG1 was selected as a model because it has been used for the treatment of both cancer and autoimmune diseases. We used the combined endoglycosidase/fucosidase system to treat the antibody glycoforms to first obtain a homogeneous antibody with mono-GlcNAc at the Fc region, and then a pure synthetic glycan oxazoline was ligated with the GlcNAc residue under the catalysis of an endoglycosidase mutant to obtain the homogeneous antibody for activity assay (Fig.  1A) . The fucosidase expressed from Bacteroides fragilis (BfFucH) was used in combination with either the EndoS from Streptococcus pyogene alone or mixtures of Endo F1/S, to prepare the homogeneous mono-GlcNAc antibody in one pot within 1 d. This fucosidase is more efficient than the one from bovine kidney, which requires 20 d of incubation (26). We also found that incubation of the antibody at 37°C for 1 wk would cause a significant loss of binding affinity toward its antigen. Then, by using an EndoS mutant, a series of synthetic glycan oxazolines were successfully transferred to GlcNAcRituximab to form homogeneous antibodies with different glycans at the Fc region for the subsequent binding and functional assays ( Fig. 1 and SI Appendix, Fig. S3 ).
Characteristics of 2,3-and 2,6-Sialylated Rituximab Glycoforms. The Ravetch group has demonstrated the effect of Fc glycans on the effector-mediated activities of antibodies using highly enriched antibody glycoforms (11, 13) . The FcγRI-mediated effector function of antibodies with truncated glycans prepared by treatment with glycosidases has also been reported (33). Although the 2,6-sialylated IVIG rather than the 2,3-linked isomer was found to be the major structure responsible for the antiinflammation activity, the detailed interactions of different homogeneous glycoforms with different receptors (FcγRs) have not been studied (11) . Moreover, it has been shown that high levels of sialylation reduce ADCC activity (12) , but it is not clear whether both 2,6-and 2,3-sialylated antibodies would have a similar effect on cytotoxicity. To study the differences in these sialylation linkages, we prepared 2,6-and 2,3-sialylated homogeneous antibodies (denoted as 2,6-NSCT-Rituximab and 2,3-NSCT-Rituximab) from mono-GlcNAc Rituximab. Compared with the nonmodified Rituximab, the mono-GlcNAc Rituximab showed a complete loss or substantially reduced binding affinity toward FcγRIIIa, FcγRIIa, FcγRI, and C1q but not toward FcγRIIb. However, after elongation of the glycan to form the structure of 2,6-NSCT-Rituximab, its binding affinity toward FcγRIIa, FcγRIIb, and, especially, FcγRIIIa increased whereas no significant change was observed toward C1q (Table 1) . On the other hand, for 2,3-NSCT-Rituximab, only the interaction with FcγRIIIa was partially increased, whereas its interaction with FcγRIIa was significantly decreased and that with FcγRIIb was unchanged (Table 1) .
Recently, it was reported that hFcγRIIa is engaged in the antitumor vaccinal effect of antitumor monoclonal antibody (34), suggesting that monoclonal antibodies may have another medicinal aspect. The increased affinity of the 2,6-NSCT-Rituximab toward FcγRIIa in this study implies a possible enhancement of the vaccinal effect compared with the 2,3-NSCT-Rituximab and the nonmodified Fig. 1. (A) A general strategy for the preparation of homogeneous antibodies with a well-defined glycan structure through in vitro enzymatic remodeling of a mixture of antibody glycoforms. The mixture was first treated with a combination of endoS and the fucosidase from Bacteroides fragilis to generate mono-GlcNAc antibody, followed by ligation with a synthetic glycan oxazoline catalyzed by an endoS mutant. (B) The glycan structures on the homogeneous antibody prepared for the study. G9 can be further extended by glycosyltransferases to form the bisecting 2,3-NSCT-antibody and 2,6-NSCT-antibody.
Rituximab. It was also reported that hFcγRIIIa on macrophages is vital for the antitumor cytotoxicity in a humanized mouse model (34) and that defucosylation of IgG1 was found to enhance the ADCC effect via increasing the interaction between the afucosylated Fc glycans and FcγRIIIa (5, 35) . In the binding experiments, we found that both the defucosylated 2,6-NSCT-Rituximab and 2,3-NSCTRituximab indeed showed a stronger interaction with FcγRIIIa than the nonmodified Rituximab; however, the 2,6-NSCT-Rituximab has much higher affinity than does the 2,3-NSCT-Rituximab (Table 1) . Using three different B lymphoma cell lines, Raji, Ramos, and SKW6.4, we monitored the luminescence caused by the released proteases of dead cells to evaluate the peripheral blood mononuclear cell (PBMC)-mediated cytotoxicity induced by Rituximab, 2,3-NSCT-Rituximab, and 2,6-NSCT-Rituximab. Indeed, compared with the nonmodified Rituximab, both the 2,6-NSCT-Rituximab and 2,3-NSCT-Rituximab showed a stronger interaction with FcγRIIIa (Tables 1 and 2) , and the 2,6-sialyl linkage showed excellent affinity toward FcγRIIIa and a strong ADCC to the three lymphoma cell lines, whereas the 2,3 linkage had weaker activities.
In addition to ADCC, CDC is also important in antibody therapy. Although Rituximab and 2,6-NSCT-Rituximab had similar activities in CDC and C1q binding, the cell-based ELISA data showed that the 2,3-NSCT-Rituximab had a weaker CDC (Table 3) .
Binding Affinity and the B-Cell Depletion Activity of Various Afucosylated Rituximab Glycoforms. To study whether the cytotoxicity was affected by the 2,6-sialylation, we prepared other homogeneous afucosylated Rituximab glycoforms for comparison. In surface plasma resonance (SPR) analysis, none of the modified afucosylated Rituximab glycoforms displayed a stronger binding affinity toward FcγRIIIa than 2,6-NSCT-Rituximab, although some K d variations among different glycoforms were observed (SI Appendix, Table S5 ).
We further performed a cytotoxicity study of PBMC-mediated depletion of human B cells by analyzing CD19 + CD3 − B cells with flow cytometry. Consistent with the SPR data, the B-cell depletion efficacy of the 2,6-NSCT-Rituximab was superb when the antibody concentration was 10 ng/mL or higher ( Fig. 2A) . Moreover, the activity of the 2,6-NSCT-Rituximab was also significantly higher than the nonmodified Rituximab, with a P value of 0.0016 in the whole blood B-cell depletion tests of 10 donors, whereas the mono-GlcNAc Rituximab showed the lowest activity (Fig. 2B ). These data indicated that the 2,3-and 2,6-sialylation on IgG1 had different activities, and the 2,6-NSCT-Rituximab was the best for B-cell depletion. These results could not have been obtained from the samples prepared from CHO cells directly, which expressed proteins with various glycans, and the sialic acid residues are mainly in the 2,3 linkage instead of the 2,6 linkage (36).
The ADCC of 2,6-NSCT-Rituximab Toward Resistant Cell Lines. Like many pharmaceuticals, some patients are resistant to Rituximab due to high dosage and long-term use (37, 38). To understand whether the 2,6-NSCT-Rituximad is effective against drugresistant cells, we prepared Ramos and Raji Rituximab-resistant cell lines to evaluate their PBMC-mediated ADCC under different concentrations of 2,6-NSCT-Rituximab (Fig. 2 C−E). After coculturing with Rituximab, both Ramos and Raji B cells evolved to become Rituximab resistant with low CD20 expression on the cell surface (Fig. 2C) . As a result, the nonmodified Rituximab dramatically lost its activity against resistant strains (Fig. 2 D  and E) , but the 2,6-NSCT Rituximab showed significant ADCC activity against both nonresistant and resistant cells.
FcγRIIIa Binding Affinity of Various Afucosylated Herceptin
Glycoforms. To further evaluate the impressive cytotoxicity derived from the 2,6-NSCT glycan modification, Herceptin, an antibody for the treatment of her2 + breast cancer, was selected and modified with different glycan structures and evaluated.
The binding analysis of various homogeneous Herceptin glycoforms interacting with FcγRIIIa is shown in SI Appendix, Table S6 . Similar to the affinity difference of the 2,3-and 2,6-NSCTRituximab in ELISA analysis, the 2,6-NSCT-Herceptin showed a stronger interaction with FcγRIIIa, whereas a detrimental effect was observed with the 2,3-NSCT-Herceptin, and the effect of Fc afucosylation was more significant than the sialylation effect. Moreover, the corresponding K d of all Herceptin glycoforms showed a similar tendency to those of the Rituximab glycoforms (SI Appendix, Table S6 ). Antibodies, such as G1, G2, and 2,6-NSCT, had a more than ninefold increase in affinity for FcγRIIIa, compared with the other derivatives like G3, G4, G5, G6, G7, G9, and 2,3-NSCT. Particularly, in both Rituximab and Herceptin, the afucosylayed glycoform G8 almost lost its defucosylation advantage for the ADCC activity. The antibody with bisecting glycan, G9, showed a slight but not significant increase in affinity toward FcγRIIIa in both Rituximab and Herceptin when it was compared with the nonbisecting The activity measured by EC 50 was significantly increased from the unmodified Rituximab to the glycoengineered afucosylated 2,3-NSCT-Rituximab, and to the most active 2,6-NSCT-Rituximab.
analog, G4. Likewise, the bisecting 2,6-NSCT-Herceptin also showed no significant enhancement in affinity toward FcγRIIIa compared with its nonbisecting analog, 2,6NSCT-Herceptin. Overall, the 2,6-NSCT-Herceptin showed a superb FcγRIIIa binding affinity among the afucosylated analogs in the SPR analysis.
To further understand the Fc glycosylation effect on the FcγRIIIa-mediated ADCC of Herceptin glycoforms, we conducted an ADCC reporter bioassay using the signaling nuclear factor of the activated T-cell (NFAT) pathway of V158 FcγRIIIa engineered Jurkat effector cells and SKBR3 target cells with an E/T ratio of 6. Consistent with the kinetic data, the EC 50 of the afucosylated G8 Herceptin showed a loss of FcγRIIIa activity and displayed a similar ADCC effect to the fucosylated Herceptin (Fig. 3A) . Interestingly, a previous study showed that more bisecting glycans on the antibody, prepared by the increased expression of β (1, 4)-N-acetylglucosaminyltransferase III, correlate with its stronger ADCC (39). On the contrary, our study showed that no significant K d difference was observed between the bisecting and nonbisecting glycoforms of Herceptin and Rituximab, G9 and G4, and the EC 50 values of the Herceptin glycoforms showed a similar cytotoxicity profile in FcγRIIIa cell-mediated assay (Fig. 3B) . A comparison of the bisecting and nonbisecting 2,6-NSCT-Herceptin showed a similar result, suggesting that the bisecting IgG1 does not perform better in the FcγRIIIa-mediated ADCC activity.
In addition, compared with the nonsialylated G1-Herceptin, the ADCC of 2,3-sialylated Herceptin was obviously reduced, whereas the 2,6-NSCT-Herceptin still maintained its activity (Fig. 3C ), indicating that sialylation-mediated ADCC reduction is caused by the 2,3 linkage. To explore the potential utility of 2,6-NSCT in antibody medication, we selected glycoengineed afucosylated Herceptin samples with lower EC 50 than the commercial Herceptin for further activity studies (Fig.  3D) , and it was found that all samples exhibited better cytotoxicity and were capable of killing cancer cells under low concentrations.
The ADCC Effect of the 2,6-NSCT Glycan Modification on Antiviral Antibodies. We evaluated whether the homogenous 2,6-NSCT glycan modification of antibodies can also increase the ADCC effect of antiviral antibodies to remove virus-infected cells. We prepared an antiinfluenza broadly neutralizing antibody, FI6, which was known to recognize the stem region of hemagglutinin (HA) of various subtypes of influenza, and its neutralizing activity was linked to ADCC (40). The antibody was modified to the homogeneous 2,6-NSCT-glycoform (F16m) and mixed with human HEK293T cells, which express HA on the cell surface to mimic influenza-infected cells; then, the ADCC effects were measured by both the PBMC-mediated cytotoxicity in target cells and the activation of ADCC by effector cells. The cytotoxicity results showed that the homogeneous antibody (FI6m) indeed exhibits a significantly higher (twofold to threefold increase) ADCC activity than the unmodified antibody F16 (Fig. 4A ). In addition, the activation of the ADCC signaling NFAT pathway of the effector NK cells was also observed to have a twofold enhancement when the homogeneous FI6m was used (Fig. 4B) . Thus, our observation indicates that the homogeneous 2,6-NSCT glycan modification of antiviral antibodies can be a general strategy to enhance the ADCC activity on virus-infected cells.
Next we tested whether the in vitro ADCC enhancement of FI6 can be translated into protection in a mouse model that was given a lethal dose infection of influenza H1N1. The passive transfer of FI6 monoclonal antibody has been shown to protect H1N1 infection previously (41). Indeed, antibody FI6m showed a significantly better protection when mice were challenged with A/California/07/2009 H1N1 virus (Fig. 4C) . The survival rate was 66% for FI6m versus 11% for F16, demonstrating that the in vitro ADCC enhancement by the homogeneous F16m is consistent with the in vivo protection from viral infection.
Conclusion
The therapeutic properties of antibodies depend on the targetbinding specificity and the Fc glycan-mediated effector functions. In this study, we have shown that homogeneous antibodies with welldefined glycan structure in the Fc region can be prepared to optimize the effector-mediated ADCC, CDC, and antiinflammatory activities. Although all existing therapeutic antibodies and more than 20 glycoengineered antibodies currently in clinical studies are still mixtures of different glycofoms, our results show that the biantennary N-linked glycan structure with two terminal alpha-2,6-linked sialic acids at the Fc glycosylation site Asn-297 is a common optimal structure for the enhancement of effector functions (Fig. 5 ). The activity enhancement is mainly due to the increased interaction between the Fc glycan and Fc receptors as shown by the SPR analysis of the Fc glycan and Fc receptor interaction in this study and by the previous structural studies on the defucosylated antibodies interacting with the FcγRIIIa receptor (8).
Our preliminary study based on the X-ray structure also showed that the 2,6-sialylated glycan had a stronger interaction with the FcγRIIIa receptor than did the other glycoforms. In conclusion, this study provides a previously unidentified strategy for the development of therapeutic antibodies in the future.
Materials and Methods
Rituximab (2.5 mg) in a sodium phosphate buffer (50 mM, pH 7.0, 1.25 mL) was incubated with EndoS (125 μg) and BfFucH (2.5 mg) at 37°C for 22 h. The reaction mixture was subjected to affinity chromatography on a column of protein A-agarose resin (1 mL) preequilibrated with a sodium phosphate buffer (20 mM, pH 7.0). After washing, the bound IgG was released with glycine HCl (50 mM, pH 3.0, 10 mL), and the elution fractions were immediately neutralized with Tris-Cl buffer (1.0 M, pH 8.3) and concentrated by centrifugal filtration (Amicon Ultra centrifugal filter) to give mono-GlcNAc Rituximab ( 
SI Materials and Methods

General Procedures in preperation of N-glycans Method A: Glycosylation by Glycan Thioglycoside Donor
The MS-4Å molecular sieves were activated in a vacuum system and heated for 1 h. for glycosylation. After the activated molecular sieves were cooled to room temperature, they were added to a flask containing a Donor (1.5~2.0 eq. for one position glycosylation) and an Acceptor (1.0 eq.). Dichloromethane was added to the mixture, and then the mixture was stirred at room temperature for 3 h. N-iodosuccinimide (NIS, 1.7~2.2 eq.) and trimethylsilyl trifluoromethanesulfonate (TMSOTf, 0.1 eq.) were added to the mixture at -78 o C, and then stirred at -20 o C. The reaction was monitored by thin-layer chromatography (TLC) analysis on silica gel plates (Merck DC Kieselgel 60F 254 ) and visualized by UV light (254 nm) and acidic ceric ammonium molybdate. After the acceptor was consumed completely, the reaction was quenched with sat.
NaHCO 3(aq) and 20% Na 2 S 2 O 3(aq), and then the mixture was filtered through a pad of Celite. After the aqueous layer was extracted with two portions of dichloromethane, the combined organic layers were washed with brine, dried over MgSO 4 , and concentrated. The crude product was purified by silica gel column chromatography (toluene/ethyl acetate as elution system) to give the desired product (the yield was shown on the Figure S1 ).
Method B: Glycosylation by Glycan Fluoride Donor
A mixture of silver triflate (5 eq.), bis (cyclopentadienyl) hafnium dichloride (3.5 eq.) and 4Å activated molecular sieves in dry toluene was stirred at room temperature for 1 h. The reaction mixture was then cooled to -50 °C, and a solution of Acceptor (1.0 eq.) and Donor (1.2~1.5 eq.) in toluene was added. The mixture was stirred at -10 o C for 2-8 h. After TLC indicated a complete consumption of acceptor, the reaction was quenched with Et 3 N, diluted with EtOAc and filtered through Celite. The filtrate was washed with aqueous NaHCO 3 , and a brine solution. The organic layer was dried over Na 2 SO 4 and concentrated in vacuo. The crude product was purified by silica gel column chromatography (toluene/ethyl acetate as elution system) to give the desired product (the yield was shown on the Figure S1 ).
Mathod C: Deprotection of the O-Acetyl Group
NaOMe (0.25 eq.) was added to a solution of starting material (1.0 eq.) in THF/Methanol (2/3). The reaction was stirred at room temperature and monitored by TLC analysis. After the acetyl group was de-protected completely, the solution was neutralized by IR-120, filtered, and concentrated. The crude product was purified by silica gel column chromatography (hexanes/ethyl acetate as elution system) to obtain the desired product (the yield was shown on the Figure S1 ).
Method D: Deprotection of the O-Troc Group
Zn powder (20 eq.) and acetic acid (0.2 eq.) were added to a solution of starting material (1.0 eq.) in THF. The reaction was stirred at room temperature and monitored by thin-layer chromatography (TLC) analysis. After the Troc group was de-protected completely, the solution was filtered and concentrated. The crude product was purified by silica gel column chromatography (hexanes/ethyl acetate as elution system) to give the desired product (the yield was shown on the Figure S1 ).
Method E: Deprotection of the Benzylidene Group
p-Toluenesulfonic acid (pTSA, 1.5 eq.) was added to a solution of starting material (1.0 eq.) in ACN/MeOH (2/1). The reaction was stirred at room temperature and monitored by thin-layer chromatography (TLC) analysis. After the benzylidene group was removed completely, the reaction was quenched by trimethylamine and then concentrated. The crude product was purified by silica gel column chromatography (hexanes/ethyl acetate as elution system) to give the desired product (the yield was shown on the Figure S1 ).
Method F: Global Deprotection
A mixture of protected oligosaccharide (50 mmol) and 10 mL of ethylene diamine : nBuOH (1/4) was stirred at 90 o C overnight. The volatiles were evaporated, and the crude product was reacted with 10 mL Ac 2 O/pyridine (1/2) overnight. The solvent was removed under high vacuum, and the product was purified by flash column chromatography (acetone/toluene as elute system). The products were then de-acetylated using sodium methoxide in MeOH (10 mL) overnight. The reaction mixture was neutralized by IR-120, then, filtered and concentrated in vacuum. The residues were purified by flash column chromatography (acetone/toluene as elute system). The products were dissolved in 10 mL
MeOH : H 2 O : HCOOH (6/3/1), Pd(OH) 2 (50% by weight) was added, and the mixture was hydrogenated overnight. The reaction mixture was filtered through Celite and concentrated in vacuo.
The residues were purified by G-15 gel column chromatography using water as eluent. The collected solution containing the product was lyophilized to obtain the product as white powder (the yield was shown on the Figure S1 ).
Method G: Enzymatic Glycosylation: Galactosylation and Sialylation
The enzymatic glycosylation was carried out using the corresponding glycosyltransferase and sugar nucleotide cofactor, and if necessary, regeneration of the cofactor was incorporated. For enzymatic sialylation, CMP-Neu5Ac and 2,3-or 2,6-sialyltransferase were used. CMP-Neu5Ac could also be generated in situ from Neu5Ac and regeneration of CMP-Neu5Ac could be used for the sialylation on preparative scales. Thus, the starting material (10 µmol), CTP (1 µmol), Neu5Ac (1. Table S3 . The degree of target glycosylation was evaluated by both the PAGE and the ratios of target glycosylated peptides to all glycosylated and non-glycosylated glycopeptides were listed in Table S3 and Fig. S3 .
Preparation of mono-GlcNAc Herceptin.
A mixture of EndoS (10 ug), EndoF1 (10 ug), BfFucH (2 mg) and Herceptin (2 mg; Roche) in 50mM sodium phosphate buffer (pH 7.0) was shaken at 37 ℃ for 24 hr. Then, the defucosylated product was subjected to a protein A affinity column and purified according to the method previously mentioned to give the product in 96.6%. Both trypsinized glycopeptides, TKPREEQYNSTYR and EEQYNSTYR, showed 100% mono-GlcNAc Herceptin in nanospray LC/MS (Fig. S4) . Preparation of mono-GlcNAc FI6. Mono-GlcNAc FI6 was prepared with similar method described in the preparation of mono-GlcNAc Herceptin. The mixture of EndoS, EndoF1, BfFucH and FI6 mAb in 50 mM sodium phosphate buffer (pH7) was shaken at 37 ℃ for one day, and then purified with protein A affinity column to give mono-GlcNAc FI6 in 85% yield; PAGE (Fig. S1C) .
Transglycosylation of mono-GlcNAc
Both trypsinized glycopeptides, TKPREEQYNSTYR (m/z=1391.58) and EEQYNSTYR (m/z=1873.88), showed 100% mono-GlcNAc Herceptin in nanospray LC/MS.
Preparation of FI6m.
The oxazoline-2,6-SCT (9.5mg) was added to the mixture of an EndoS mutant (2.5mg) and mono-GlcNAc FI6 (9.4mg) in 50 mM Tris buffer (pH7.8) and incubated for 40 min. at 37 ℃. After the reaction was completed, the FI6m obtained was purified with protein A affinity column and Capto Q column as mentioned previously to give the product in 88% yield. The intensity ratio of TKPREEQYN(2,6-NSCT)STYR to all glycosylated/non-glycosylated TKPREEQYNSTYR is 96% and the corresponding value in minor peptide EEQYNSTYR is 93%.
PAGE image also indicated the success of transglycosylation (Fig. S3C ). Table S3 and S4.
Expression and purification of
SDS-PAGE detection of glycoengineered Herceptin antibodies. All the SDS -PAGE analyses
were performed with NuPAGE® Novex® 4-12% Bis-Tris gel (Invitrogen) in MOPS buffer either with or without DTT addition in samples.
Binding to FcγIIIa, IIa, IIb ,I and C1q. FcγRIIIa or FcγI (0.5 µg/ml; R&D system) in a carbonate coating buffer (pH 10.0) was coated onto a 96-well plate (Corning) at 4℃ for overnight. Then, after a wash, 2% bovine serum albumin in PBST (assay buffer) was added to block the plate for 2 hours.
Subsequently, after another wash, a serial dilution of Rituximabs ranging from 0.00192 nM to 150 nM in a 5-fold dilution of assay buffer was included to incubate for 1hr. Finally, after the incubation of anti-human IgG HRP (abcam) for 1 hour, the addition of 100 µl of substrate, 3, 3', 5, 5'-tetramethylbenzidine (TMB) for signal development and the stop by the adding 100 µl of 2.5N sulfuric acid, absorbance at 450 nm was measured using microplate reader Spectra Max M5
(Molecular Devices) and data were analyzed using the four-parameter nonlinear regression equation In the binding assay of C1q, a serial dilution of Rituximabs ranging from 0.00192 nM to 150 nM was first coated onto 96-well plates, and with similar blocking method previously mentioned, the binding of C1q (2 µg/ml in assay buffer; Prospec) was performed for incubation of 1 hour and subsequently detected through the incubation of anti-C1q HRP (Biorad) for another 1 hour followed by addition of TMB substrate as mentioned previously. Data of C1q were also fitted with 4PL.
Complement-dependent cytotoxicity (CDC)
. CDC was performed using the CytoTox-Glo cytotoxicity assay (Promega). Ramos B lymphocytes (Bioresource Colletion and Research Center, Taiwan) were seeded to 96-well round microplates with a population of 5x10 4 cells/well. Rabbit serums were divided into two aliquots; one aliquot was heat-inactivated at 56℃ for 30 min and the other aliquot was untreated. After the incubation of 100 µl of antibody dilutions and 100 µl of cell suspension in either heat-inactivated or nonheat-inactivated serum at 37℃ and 5% CO 2 for 4 hours, 
